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ABSTRACT
Site-specific modification of RNA is of great signif-
icance to investigate RNA structure, function and
dynamics. Recently, we reported a new method for
sequence- and cytosine-selective chemical modifi-
cation of RNA based on the functional group
transfer reaction of the 1-phenyl-2-methylydene-
1,3-diketone unit of the 6-thioguanosine base incor-
porated in the oligodeoxynucleotide probe. In this
study, we describe that the functionality transfer
rate is greatly enhanced and the selectivity is
shifted to the guanine base when the reaction is
performed under alkaline conditions. Detailed inves-
tigation indicated that the 2-amino group of the
enolate form of rG is the reactant of the functionality
transfer reaction. As a potential application of this
efficient functionality transfer reaction, a pyrene
group as a relatively large fluorescent group was
successfully transferred to the target guanine base
of RNA with a high guanine and site selectivity.
This functionality transfer reaction with high
efficiency and high site-selectivity would provide
a new opportunity as a unique tool for the study
of RNA.
INTRODUCTION
RNA is implicated in critical functions within cells and
possibly also in as-yet unknown functions. A number of
genetic tools are used to study the new RNA functions.
Nevertheless, to understand the molecular basis of their
functions there is increasing demand for tools for
characterizing their chemical and physical properties.
The site-speciﬁc modiﬁcations with a variety of molecules,
such as a ﬂuorescent labeling group and a tagging
molecule, are of great signiﬁcance to investigate RNA
structure, function and dynamics (1,2). Chemically
modiﬁed short RNA is synthesized by a conventional
solid-phase synthesizer. However, this method is not
directly applicable to modify long RNA. Despite a
number of methods (3–20), introducing tags or probes
onto RNA at unique sites is still very diﬃcult and a new
approach is highly desired.
Recently, we reported a unique approach to modify
RNA molecules by a functionality-transfer reaction
utilizing the oligodeoxynucleotide (ODN) containing
20-deoxy-6-thioguanosine (Figure 1A). The ﬁrst demon-
stration was the site-speciﬁc NO-transfer reaction from
S-nitroso-6-deoxythioguanosine to the amino group of
the target cytosine in the ODN (21). The nitrosylated
amino group of cytosine caused deamination, and its
potential application as an artiﬁcial tool for RNA
editing is now under investigation. This strategy was
further expanded to the functionality-transfer reaction of
a relatively large organic entity with the amino group of
cytosine in RNA. After a number of structure–reactivity
correlations, the 1-phenyl-2-methylydene-1,3-diketone
unit of the 6-thioguanosine base was determined to be a
structure unit suitable for eﬃcient transfer (Figure 1B)
(22). This is a unique method for DNA/RNA-directed
transfer of reporter groups except for a few examples
(23,24). During investigation for further improvement of
this method for the tagging and labeling of a large RNA,
we surprisingly found that the functionality transfer rate
was greatly enhanced and the selectivity was shifted to the
guanine base when the reaction was performed under
alkaline conditions (Figure 1C). As a potential application
of this eﬃcient functionality transfer reaction, a pyrene
group as a relatively large ﬂuorescent group was success-
fully transferred to the target guanine base of RNA with
a high guanine and site selectivity. We now describe in
detail the functionality transfer reaction with the
guanine base of RNA.
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General
1H NMR (400, 500MHz) spectra were recorded by Varian
UNITY-400 and INOVA-500 spectrometers, respectively.
IR spectra were obtained using a PerkinElmer FTIR-
SpectrumOne. High-resolution mass spectra (ESI) were
recorded on an Applied Biosystems Mariner System
5299 spectrometer. MALDI-TOF mass spectra were
recorded on a Bruker Daltonics Microﬂex instrument.
Synthesis of oligodeoxynucleotides and oligonucleotides
All oligonucleotides were synthesized by an automated
DNA synthesizer (Applied Biosystems 394 DNA/RNA
synthesizer) according to the conventional amidite chem-
istry. The cleaved oligonucleotides were puriﬁed by HPLC
equipped with an ODS column using a linear gradient
between the 0.1M TEAA buﬀer and CH3CN. The
MALDI-TOF/MS data are summarized in
Supplementary Table S2.
30, 50-O-Bis(tert-butyldimethylsilyl)-20-deoxy-2-N-modiﬁed
guanosine (15)
To a solution of 14 (83mg, 0.13mmol) and 12
(41mg, 0.20mmol) in anhydrous DMF (1.5ml) was
added K2CO3 (27mg, 0.20mmol) at room temperature,
and the mixture was stirred. After 1.5h, the reaction
mixture was quenched with saturated aqueous NH4Cl
(15ml), and extracted with diethyl ether (15ml 3). The
organic phases were washed with brine (20ml), and dried
over Na2SO4. The solvent was evaporated under reduced
pressure, and the residue was puriﬁed by silica gel chro-
matography (CHCl3/MeOH=49:1) to give 15 as a yellow
solid (13mg, 15%). IR (cm
 1): 3200, 1710, 1647,
1554, 1258, 836.
1H NMR (400MHz, CDCl3) d: 12.53
(1H, d, J=11.2Hz), 8.34 (1H, d, J=11.2Hz),
8.00 (1H, s), 7.77 (2H, d, J=7.3Hz), 7.56 (1H,
t, J=7.3Hz), 7.47 (2H, t, J=7.3Hz), 6.09 (1H,
t, J=6.4Hz), 4.48–4.45 (1H, m), 3.92–3.89 (1H, m),
3.79–3.71 (2H, m), 2.45 (3H, s), 2.62 (1H, ddd, J=13.1,
6.4, 6.1Hz), 2.23 (1H, ddd, J=12.8, 6.1, 4.0Hz), 0.89
(9H, s), 0.88 (9H, s), 0.07 (3H, s), 0.06 (3H, s),
0.05 (6H, s). High-resolution MS (ESI): Calcd for
C33H49N5O6Si2 (M+H)
+: 668.3294. Found: 668.3310.
20-Deoxy-2-N-modiﬁed guanosine (16)
To a solution of 15 (8.3mg, 0.012mmol) in anhydrous
THF (10ml) was added TBAF (946mg, 3.0mmol)
at room temperature, and the mixture was stirred. After
1.5h, the reaction mixture was evaporated under reduced
pressure. The residue was puriﬁed by silica gel chromatog-
raphy (CHCl3/MeOH=19:1) to give 16 (1.8mg, 33%) as
a white solid. After further puriﬁcation by reverse-phase
HPLC (Column: Nacalai Tesque: COSMOSIL 5C18-AR-
II, 10 250mm; solvent: A: 50mM HCOONH4,B :
CH3CN, B: 5 to 40%/30min, linear gradient; ﬂow rate,
3.0ml/min; monitored by UV detector at 254nm), the
sample was used for NMR measurement. IR (cm
 1):
1695, 1645, 1555, 1272, 836.
1H NMR (500MHz,
CD3OD) d: 8.62 (1H, s), 7.96 (1H, s), 7.69 (2H,
d, J=7.3Hz), 7.59 (1H, t, J=7.3Hz), 7.51 (2H,
t, J=7.3Hz), 6.20 (1H, m), 4.37 (1H, m), 3.96 (1H, m),
3.62 (2H, m), 2.72 (1H, m), 2.45 (3H, s), 2.27 (1H, m).
High-resolution MS (ESI): calcd for C21H21N5O6
(M+H)
+: 440.1565. Found: 440.1553.
The synthesis of the functionalized ODN1F
[X=G
S(Me,Ph)] as the general procedure for the
synthesis of ODN1F-4F [X=G
S(R
1,R
2)]
A solution of 12 (5mM in CH3CN, 0.38ml, 1.9 nmol) was
added to a solution of thioguanosine containing ODN1
(750mM, 0.25ml, 188pmol) in carbonate buﬀer (30mM,
3.12ml, pH 10), and the mixture was kept at room
temperature. After 10min, the synthesized ODN1F
[X=G
S(Me,Ph)] was puriﬁed by HPLC for the
MALDIMS measurement. On the other hand, the
reaction mixture containing ODN1F [X=G
S(Me,Ph)]
was used for the functionality transfer reaction without
HPLC puriﬁcation.
Functionality transfer reaction from the functionalized
ODN1F [X=G
S(Me,Ph)] to ORN5 as the general
procedure for the functionality transfer reaction
A solution of ODN1F [X=G
S(Me,Ph), 50mM, 0.75ml,
37.5pmol] and a solution of the target ORN5 (50mM,
0.5ml, 25pmol) were mixed in a carbonate buﬀer
(50mM, pH 9.4) containing NaCl (100mM), and the
mixture was kept at 25 C. The reaction mixture was
analyzed by HPLC (Column: SHISEIDO C18,
4.6 250mm; Solvent: A: 0.1M TEAA Buﬀer, B:
CH3CN, B: 10–30%/20min, linear gradient; ﬂow rate,
1.0ml/min; monitored by the ﬂuorescence at 518nm
with emission at 494nm or by UV detector at 254nm).
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Figure 1. (A) The general strategy of the site-speciﬁc RNA modiﬁca-
tion. (B) Functionality transfer reaction to modify rC using S-modiﬁed
thioguanosine-containing ODN probe. (C) rG-Selective transfer
reaction described in this study.
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The modiﬁed ODN6 (100mM) was hydrolyzed with BAP
(30U/ml), Nuclease P1 (30U/ml) and SVPD (0.6U/ml) in
a buﬀer (50mM Tris–HCl, 1mM MgCl2, pH 9.0) at 37 C
for 1h, and analyzed by HPLC (solvent A: 50mM
HCOONH4, buﬀer B: CH3CN, B: 5–40%/30min, linear
gradient; ﬂow rate, 1.0ml/min; monitored by UV detector
at 254nm).
UV melting temperature measurements
UV melting temperatures were measured using 1.3mMo f
each ODN and ORN strands in 50mM carbonate buﬀer
(pH 9.8) or MES buﬀer (pH 7.0) containing 100mM NaCl
with monitoring at 260nm by UV-Vis spectrophotometer,
DU 800 (Beckman Coulter).
Circular dichroism measurements
Circular dichroism (CD) spectra were measured by using
2.5mM each ODN and ORN strands in 50mM carbonate
buﬀer (pH 9.8) or MES buﬀer (pH 7.0) containing
100mM NaCl at room temperature with a JASCO
J-720W spectrophotometer in a cylindrical quartz cell
with a path length of 0.1cm.
RESULTS AND DISCUSSION
The sequences of the functionalized ODN and the
target ORN used in this study are summarized in
Figure 2. S-Functionalized ODN probes [ODN1F-4F:
X=G
S(R
1,R
2)] were prepared by mixing the correspond-
ing 2-chloromethylydene derivative with the respective
starting ODN (ODN1-4,X=G
S) containing 20-deoxy-6-
thioguanosine at pH 10, as already reported (22,25).
The ODNs containing the monoketone unit G
S(H,Ph)
were prepared as the non-reactive control (Figure 2).
The transfer reaction between ODN1F [X=G
S
(Me,Ph)] and the target ORN5 (Y=rC) produced the
rC-modiﬁed product selectively at pH 7.0, as previously
reported (22). In contrast, the same transfer reaction
between ODN1F [X=G
S(Me,Ph)] and ORN5 (Y=rG)
was found to take place at higher rates under alkaline
conditions compared to that under neutral conditions
(Figure 3). The base selectivity of the transfer reaction
under alkaline conditions was investigated using ODN1F
[X=G
S(Me,Ph)] and ORN5 (Y=rG, rC, rA, U). The
transfer reactions were performed at pH 9.6 for 1h and
were followed by monitoring the FAM ﬂuorescence. It
should be noted that the reaction eﬃciency with the
guanine base was very high compared with the cytosine
base, and no reaction was observed for the adenine and
uracil bases (Figure 4A). The reaction mechanism and
the origin of the selectivity shift from rC to rG will be
discussed later in this article. The generality of this
functionality-transfer reaction was investigated using
ODN4F [X=G
S(Me,Ph)] and ORN10 (Y=rG, rC, rA,
U) with a loop structure. Similar to the reaction between
the ODN1F [X=G
S(Me,Ph)]-ORN5, selective transfer
to the guanine base was conﬁrmed (Figure 4B). A larger
ﬂuorescent functional group (R1,R 2=Me, pyrene) was
also successfully transferred to the target guanine with a
higher selectivity (Figure 5), suggesting potential applica-
tion of this method for ﬂuorescent labeling of RNA.
The site selectivity was checked using ODN2F and 3F
in the reaction with ORN7 consisting of two continuous
rGs and ORN8 and 9 consisting of the mutated versions
at the target site, CG or GC, respectively (Figure 6).
ODN2F and 3F were designed to react with rG at each
complementary position of the 30 and 50 sides of ORN7-9,
respectively. ODN2F [G
S(Me,Ph)] gave the transferred
products with the target ORN7; in contrast, a lower
yield was obtained with ORN8 (Figure 6A, black bars).
The adduct with rC was labile due to the treatment with
aqueous NH3, whereas that with dG was stable under the
same conditions (Figure 6A, grey bars). This result
indicated that the functionality group did not transfer to
rG but to rC of ORN8 at the complementary site of X
of ODN2F. On the other hand, ODN3F [G
S(Me,Ph)]
formed the transferred product with ORN7 not with
ORN9, in which rC is located at the complementary site
with X of ODN3F (Figure 6B, black and grey bars).
Similar results were obtained with the functionalized
ODN containing the pyrene unit [G
S(Me, Pyrene)]
(Figure 6C and D). These results clearly indicated that
the transfer reaction took place site-selectively with rG
of the ORN at the complementary position toward X
of the functionalized ODN probe. Thus, a high eﬃ-
ciency and site selectivity for the guanine base have
been achieved by the functionality-transfer reaction
under alkaline conditions.
Figure 2. Structure of S-functionalized 6-thioguanosine (G
S) and the
sequences of the ODN probes, the target ORN and ODN.
1762 Nucleic Acids Research, 2010,Vol.38, No. 5In order to conﬁrm that the transfer reaction takes place
within the duplex under alkaline conditions, the CD
spectra and the UV melting proﬁles of the duplex were
measured using the non-reactive ODN1F-4F [X=G
S
(H,Ph)] at pH 9.8 (Supplementary Figure S1 and Table
S1). The duplex formed with ODN1F [X=G
S(H,Ph)] and
ORN5 (X=G) showed a Tm value of 42 C under alkaline
conditions, which is lower than the Tm value of 47 Ca t
pH 7. The Tm values of the duplexes of all the other
combinations at pH 9.8 were in the range of 33–45 C.
It was conﬁrmed by these results that the transfer
reactions were performed at lower temperature than the
Tm values. The CD spectra of the duplex formed between
ODN1F [X=G
S(H,Ph)] and ORN5 (Y=G) under
alkaline conditions were similar to those taken at pH 7,
indicating that the duplex was in a conformation between
the A and B types (26). These results, together with the
fact that the reaction with the corresponding monomer
substrates did not produce the transferred product,
have supported that the functionality-transfer proceeds
within the duplex due to the close proximity between the
S-functionalized thioguanosine and the guanine base
at the target site of the complementary strand within
the duplex.
As the transfer reaction proceeded with the ODN
targets in a fashion similar to the ORN targets with
Figure 4. Selectivity for the guanine base in the RNA substrates. The transfer reaction was performed in 50mM carbonate buﬀer containing 100mM
NaCl at pH 9.6 for 1h, followed by HPLC monitored by ﬂuorescence at 518nm with emission at 494nm. (A) 1.5mMo fS-functionalized ODN1F
[G
S(Me,Ph)] and 1.0mM of the target ORN5 (Y=rG, rC, rA, U), (B) 1.5mMo fS-functionalized ODN4F [G
S(Me,Ph)], (B) 1.0mM of the target
ORN10 (Y=rG, rC, rA, U).
Figure 3. The pH dependency of the functionality transfer reaction.
The transfer reactions were performed using 1.5mMo fS-functionalized
ODN1F [G
S(Me,Ph)] and 1.0mM of the target ORN5 (G) in 50mM
phosphate or carbonate buﬀer (pH>9) containing 100mM NaCl at
25 C for 1h, followed by HPLC.
Figure 5. Selectivity to the guanine base in transfer reaction of the
pyrene derivative. The transfer reactions were performed in 50mM
carbonate buﬀer containing 100mM NaCl at pH 9.6 for 1h,
followed by HPLC monitored by ﬂuorescence at 518nm with
emission at 494nm. Using 1.5mMo fS-functionalized ODN1F
[G
S(Me, Pyrene)] and 1.0mM of the target ORN5 (Y).
Nucleic Acids Research,2010, Vol.38, No. 5 1763respect to the pH dependency (Supplementary Figure S2)
and guanine selectivity (Supplementary Figure S3), the
ODN targets were used for structure determination of the
modiﬁed guanine and investigation on structure–activity
relationship. The modiﬁed ODN6 was subjected to enzy-
matic hydrolysis with bacterial alkaline phosphatase
(BAP), Nuclease P1 and snake venom phosphodiesterase
(SVPD), and the hydrolysates were analyzed by HPLC. In
addition to the major peaks corresponding to dG and dA,
a new peak was observed (Figure 7A), which was isolated
and subjected to ESI-HRMS measurements [calcd for
C21H21N5O6 (M+H)
+: 440.1565, found: 440.1597] and
1H NMR measurements (Supplementary Figure S4). The
authentic 2-N-modiﬁed dG shown in Figure 7B was
synthesized using the 20-deoxyguanosine monomer
(Scheme 1). The reaction of 20-deoxyguanosine protected
with tert-butyldimethylsilyl (TBDMS) groups with 12 pro-
ceeded to aﬀord the cyclized product 13. In contrast, the
reaction of 12 with 2-N-phenoxyacetyl-20-deoxyguanosine
protected with TBDMS groups (14) produced the
2-N-modiﬁed dG derivative (15), which was subjected
to deprotection of the TBDMS groups to give the 2-N-
modiﬁed dG (16).
1H NMR and HPLC proﬁles of 16 were
identical to those of the isolated product from the
functionality transfer reaction.
The following additional experiments were performed
using the functionalized ODN1F and the target
ODN6 to conﬁrm that the 2-amino modiﬁed structure is
the initial product and not a secondary product, such as
those formed from the 1-N-modiﬁed one. 2-Aminopurine
showed a similar transfer rate with guanine, but
hypoxanthine and 6-aminopurine (adenine) did not give
a transferred product (Figure 8A). 2-Aminopurine did not
show any pH-dependency (Figure 8B). Accordingly, it is
apparent that the 2-amino group of the purine base is
responsible for the transfer reaction. Because guanine
should be predominantly in its enolate form at pH 9.6
according to its pKa value (9.2) (27), the 2-amino group
of the enolate form of the guanine base is responsible for
the nucleophilic attack to cause the transfer reaction
(Figure 9). The selectivity shift from rC at pH 7 to rG
at pH 9.6 is reasonably explained by increase in nucleo-
philicity of the enolate form of the guanine base under
alkaline conditions. The facts that the 6-amino group
of adenine and the 4-amino group of cytosine did not
induce the transfer reaction under the alkaline conditions
used in this study suggest that the 2-amino group of
the purine base must be in close proximity to the
transfer group. As the vinyl group of the modiﬁed
thioguanosine and the 2-amino group of the guanine
base are directed away from each other in the anti
functionalized thioguanosine and syn guanosine con-
formation, it may be speculated that the reaction
occurs in a complex formed between the syn conforma-
tion of the S-functionalized thioguanosine and the anti
Figure 6. Site-selectivity of the functionality transfer reaction. The transfer reactions were performed using 1.5mMo fS-functionalized ODN2F, 3F
and 1.0mM of the target ORN7, 8 or 9 in 50mM carbonate buﬀer containing 100mM NaCl at pH 9.6 for 1h, followed by HPLC monitored by
ﬂuorescence at 518nm with emission at 494nm. (A) ODN2F-ORN7.8,X = G
S(Me,Ph). Grey bars indicate the reaction yield after treatment of
aqueous NH3.( B) ODN3F-ORN7.9,X = G
S(Me,Ph). Grey bars indicate the reaction yield after treatment of aqueous NH3.( C) ODN2F-ORN7.8,
X=G
S(Me, Pyrene). (D) ODN3F-ORN7.9,G
S(Me, Pyrene).
Figure 7. (A) HPLC analysis of the enzymatic hydrolysate of the
modiﬁed ODN6, monitored by UV at 254nm. (B) Co-injection of the
hydrolysate and the synthesized N
2-modiﬁed dG.
1764 Nucleic Acids Research, 2010,Vol.38, No. 5conformation of guanosine (Figure 9). In such a
hypothesized syn-anti complex resembling the natural
guanine-guanine base pair, the hydrogen bonding
between the 2-amino group of guanine and the 7-N of
the thioguanine in the syn conformation might assist
their reaction.
CONCLUSIONS
In this study, we have revealed that the transfer reaction
of the 1-aryl-2-methylydene-1,3-diketone unit of the
6-thioguanosine base incorporated in the ODN probe
is greatly accelerated under alkaline conditions and that
the rC selectivity at pH 7.0 is shifted to rG at pH 9.6.
Detailed investigation indicated that the 2-amino group
of the enolate form of rG is the reactant in the
functionality transfer reaction. It was postulated from
the high selectivity that the syn conformation of the
S-functionalized thioguanosine base may be included in
the reaction of the anti conformation of rG in the target
RNA. Combined with the previous protocol (22), the
modiﬁcation site of RNA by the S-functionalized ODN
probe can be controlled by changing the pH of the
reaction buﬀer, i.e. cytosine modiﬁcation at pH 7 and
guanine modiﬁcation at pH 9.6. As a variety of molecules,
such as ﬂuorescent labeling groups and tagging molec-
ules, may be potentially site-speciﬁcally transferred
to large RNAs, this functionality transfer reaction would
provide a new opportunity as a unique tool for the study
of RNA.
Figure 8. Comparison of the reactivity of the purine analogs.
(A) Reaction at pH 9.6. (B) Reaction at pH 7.0. The transfer reactions
were performed using 30mMo fS-functionalized ODN1F [G
S(Me,Ph)]
and 25mM of the target ODN6 in 50mM carbonate buﬀer containing
100mM NaCl followed by HPLC. Abbreviations of nucleobase in the
graph represent 2-AP for 2-aminopurine, 6-AP for 6-aminopurine
(adenine), G for guanine and Hx for hypoxanthine.
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